We propose to use a double longitudinal Stern-Gerlach atom interferometer in order to investigate quantitatively the angular momentum coherence of molecular fragments. Assuming that the dissociated molecule has a null total angular momentum, we investigate the propagation of the corresponding atomic fragments in the apparatus. We show that the envisioned interferometer enables one to distinguish unambiguously a spin-coherent from a spin-incoherent dissociation, as well as to estimate the purity of the angular momentum density matrix associated with the fragments. This setup, which may be seen as an atomic analogue of a twin-photon interferometer, can be used to investigate the suitability of molecule dissociation processes -such as the metastable hydrogen atoms H(2 2 S)-H(2 2 S) dissociation -for coherent twin-atom optics.
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2 particles coming from a molecular fragmentation, in order to probe the existence of non-classical correlations between the particles spins. In the late 60s Clauser et al. [5] transposed Bell's analysis of the gedankenexperiment of Bohm [6] to systems involving photons instead of massive particles. Finally, nearly fifty years after the initial formulation of the EPR paradox, the quantum non-locality was demonstrated in the optical domain thanks to the celebrated experiments of Aspect et al. [7] .
It is nevertheless appealing to go back to Bohm's original idea of testing non-classical correlations with the spin observables of massive particles. Bohm's main concern was the maintenance of the spin coherence between the spin-1/2 massive particles, an issue later discussed by Englert, Schwinger and Scully [8] . In order to conduct such fundamental tests of quantum mechanics [9] , it is essential to dispose from a spin-coherent twin-particle source.
Beyond the tests of quantum non-locality, the development of twin-atom interferometry offers particularily exciting perspectives in atom optics [10] . This field has reached a state of the art enabling the observation of basic non-linear phenomena such as the four-wave mixing or quantum phenomena such as the Hanbury-Brown Twiss effect with matter waves [11, 12] . Undeniably, the realization of reliable twin-photon sources with correlated angular momenta [13] has become a key component of experimental quantum optics. Similarly, the obtention of twin-atom sources preserving the angular momentum coherence would be a significant step forward in quantum atom optics. One may then observe, with massive atoms, quantum effects specific to the pair production of indistinguishable particles, and exploits the entanglement in the degrees of freedom (dofs) resulting from energy and angular momentum conservation. The coherence between the angular momentum states of the particle is, again, a prerequisite in order to observe entanglement in such atom interferometers.
In this Rapid Communication, we propose an experiment able to estimate quantitatively the angular momentum coherence of the fragments issued from a molecular dissociation. A good candidate for such a spin-coherent twin-atom source is the pair production with the H(2 2 S)-H(2 2 S) dissociation channel, whose existence has been proved recently by a coincidence measurement of the two H atoms in a metastable state [14] . In the discussion to follow, one assumes that the atomic fragments are spin-1 particles coming out with a null total angular momentum. Even though we have the H 2 molecule in mind, our argument is quite general and could be applied to other molecule dissociation processes, or extended to deal with particles of different spin and total angular momentum.
The twin-particle atom interferometer geometry is motivated by general considerations on the angular and linear momentum conservation [15, 16] . In usual experiarXiv:1410.5451v1 [quant-ph] 20 Oct 2014 mental conditions, the atomic fragments leave the collision with almost opposite velocities much larger than the initial molecule CM velocity. As a direct consequence of our assumption of null initial total angular momentum, atomic fragments leave the collision zone carrying away an opposite magnetic moment. Thus, one should design the Stern Gerlach apparatus (SGA)s as to select opposite projections of the transverse/longitudinal angular momentum on both sides. In the discussion below, we shall use a single set of axis O x , O y , O z to quantize the angular momentum in the whole experiment, independently of the local magnetic field orientation. Should we select the same angular momentum projections on the right and on the left, only atoms with a null angular momentum projection could possibly reach simultaneously the detectors. This would prevent us to observe any possible interference in the coincidence detection of the fragments. This is why the left side of the experiment uses a magnetic field of reversed direction as compared to the right side -the proposed system is indeed invariant by the symmetry r → −r with respect to the collision center.
The atom interferometer depicted on Fig. 1 consists, on each side, in a succession of three elements. As mentioned above, both sides of the experiment are equivalent. Let us first consider the right side of the experiment. Initially, one sends the atomic beam into a transverse polarizer eliminating atoms with a transverse angular momentum m z = −1, and thus implementing a projection operator on the angular momentum subspace {|f = 1, m z = 1 , |f = 1, m z = 0 }. This device is followed by a longitudinal SGA, operating as a phase object, which induces a time delay between atomic wavepackets attached to different longitudinal magnetic moments m x = +1, 0, −1. It is essential that the direction magnetic field switches abruptly from vertical (O z ) to horizontal (O x ) between the polarizer and the SGA, so that the atomic quantum state is not altered between these devices. Such abrupt change can be seen as the atomic analogue of an optical beam-splitter, since it splits each atomic beam of definite m z into a superposition of three modes m x = ±1, 0 by projecting the quantum state on a new basis. These modes then acquire longitudinal separation under propagation of the longitudinal magnetic field of the SGA. A second abrupt change immediately after the SGA, putting back the magnetic field in the vertical O z direction, plays the role of a recombining beam-splitter. Last, an analyser provides us with a signal -obtained thanks to a Zeeman quenching [17] -proportional to the atomic population with a transverse magnetic moment m z = −1. On the left side, one first eliminates the atoms with an angular momentum m z = +1. The orientation of the magnetic field in the longitudinal SGA is reversed, and finally after recombination in the last beam-splitter, the analyser provides a signal proportional to the atomic population with a quantum number m z = +1. We now proceed to the analysis of the atomic propagation in the envisioned system, working in the Schrödinger picture. The system may be described through a global unitary evolution operator of the form:
where the operatorsP andÔ capture the action of the polariser and the SGA respectively, present in each arm of the interferometer. The operatorsÛ E (t, t ) account for the external atomic motion, t 0 is the initial time immediately after the dissociation and the instants t 1 , t 2 correspond to the entrance time of the atoms in the successive devices. N refers to the normalization of the quantum state, necessary here because of the projective measurements operated by the polarizer and analyser. While the duration of the atomic motion in these elements may be taken as very short, this assumption is no longer legitimate for the propagation in the SGA, which operates a spatial splitting of the atomic wave-packets thanks to a necessarily finite propagation time. However, this propagation may be treated as an effective instantaneous interaction in the spirit of the ttt scheme for atom interferometry [18] . The action of the external atomic evolutionÛ E (t, t ) on the atomic wave-packets is wellknown and given by the atom-optical ABCD propagation method [19] . For sake of simplicity, in the discussion to follow, we shall deliberately ignore the effects of the external atomic motion in-between the different stages, assuming that the successive interferometer elements are very close one to another. This assumption avoids several technicalities, and permits us to focus the discussion on the basic physical principles at work in the experiment. We now explicit the operators involved in Eq.(1). As discussed above, we simply treat the operatorsÛ E (t, t ) as identity operators. Since the polarizers on each side filter different angular momentum states, the correspond-ing operators actuate simultaneously on the external and internal atomic dofs, namelyX =X 1 ⊗X 2 forX =P ,Ô witĥ
The Stern-Gerlach imprints a phase shift on the atomic waves, which depends on the longitudinal magnetic moment, and on which side of the experiment on the atomic wave propagate. More precisely, the shifts in atomic position imprinted on the right and left hand side depend on the longitudinal kinetic energyÊ x j =p 2 x j 2m and on the local magnetic field througĥ
B(x)dx with the SGA zone defined for x 1 < x < x 2 on the right and −x 2 < x < −x 1 on the left. Faster atomic waves are less influenced by the longitudinal magnetic field since they propagate during a shorter time in the SGA. In practice, we neglect dispersion effects in the Zeeman phase acquired by the atomic waves, i.e. one takesp x j ≡ p 0 for right-propagating atomic waves, andp x j ≡ −p 0 for left-propagating atomic waves in the previous expressions. Here, we plan to use more specifically an antisymmetric magnetic field profile B(−x) = −B(x). It is essential to note that the eigenstates of the polarizers -of definite transverse angular momentum m zj -are not eigenstates of the longitudinal SGA, for which the relevant quantum number is the longitudinal magnetic moment-m xj . This switch of polarization axis, at the origin of the desired beam-splitting, is expressed by the relationF x j =D j (−π/2)F z jDj (π/2) whereD j (π/2) operates a rotation of angle +π/2 of the angular momentum quantization axis (from O z to O x ) of the j th particle andD j (−π/2) operates the inverse transform [20] . Note that, by virtue of the relation e
hF zj ∆x R,LD j (π/2), the operatorÛ defined in Eq. (1) can be expressed as a product of operators involving the angular momentum in a single direction (O z for instance) and of operatorsD j (±π/2) relating the O x and O z angular momentum basis.
We now discuss the form of the initial atomic density matrix, which reflects the spin coherence of the molecule dissociation. Since the atomic fragments are produced by pairs of indistinguishable particles -bosons in the case of H atoms -, in the analysis of the atomic propagation, one should consider only probability amplitudes between properly symmetrized quantum states. One assumes that the external atomic wave-function is symmetric, of the form x 2 , x 1 |ψ
ik(x−x ) and A a normalization constant chosen as a real number without loss of generality. This external state is based on the continuum vibrational state of the excited molecule for the two nuclei [21] ψ E (r 1 , r 2 ) = (A /|r 1 − r 2 |) sin(k|r 1 − r 2 | + δ), where only the outgoing spherical waves have been retained. Note that the phase δ is reminiscent of the excited molecular state and contains relevant information about the shape of the repulsion potential between the nuclei. Here, our assumption that the molecule has no rotational energy makes the interferometer insensitive to this phase. Immediately after the molecule dissociation, given the null total angular momentum, the twin particle indistinguishability, and the symmetry of the external wave-function, the space of acceptable angular momentum states is two-dimensional, spanned by the states |ψ 0 = |0 1 0 2 and
. The state |ψ 0 and |ψ 1 correspond to atomic fragments carrying respectively an angular momentum of either null or opposite projection along the axis O z . Should the particles be distinguishable, the sub-space of acceptable angular momentum states would be spanned by the three dimensional basis
The atomic fragments thus behave as an effective twolevel system, whose coherence may be characterized by a Bloch vector. For a spin-coherent molecule dissociation, the quantum state of the system immediately after the dissociation would be |Ψ S = |F = 0, M z = 0 (where F and M z are the quantum numbers for the total angular momentum), or according to a Clebsh-Gordan decomposition [20] as |Ψ S = − 1 3 |ψ 0 + 2 3 |ψ 1 up to a global phase. This corresponds to a Bloch vector pointing on the Poincaré sphere. More generally, for a partially coherent dissociation, the angular momentum dofs are described by an initial density operator of the form
with 0 ≤ λ ≤ 1. The parameter λ quantifies the spin coherence, indeed λ = 1 and λ = 0 correspond respectively to a completely spin-coherent and completely spinincoherent dissociation. In what follows, we show the dependence of the interference pattern -obtained by coincidence detection after the double SG interferometerwith respect to the parameter λ. Indeed, this parameter is directly connected to the purity of the angular momentum density matrix through γ = Trρ 2 = 5/9 + 4/9λ 2 and to the corresponding entropy S = 1−Trρ
With the Eqs.(1,2) at hand, it is a straightforward task to derive the operation of our system onto a co-herent (or incoherent) superposition of atomic states. The final density matrixρ F is indeed given byρ
The detection apparatus provides a signal proportional to the counting rates of the coincidence measurements of the atoms possessing an angular momentum component m z = +1 on the right and m z = −1 on the left. Formally, the detection signal can be analysed in terms of the projection of the density matrix onto the symmetrized quantum state
namely the counting rate is proportional to I 12 = ψ det |ρ F |ψ det , and is given by
where
h ∆x R ) are the atomic phases imprinted by the left (right)-side magnetic field on the atoms. C is a constant accounting for the value of the twin-particle external wave-function, as well as for the partial efficiency of the detection system and for the normalisation factor N in Eq. (1) . To analyze the system coherence, one sets the magnetic field on the left sidethus determining φ L -and scans the phase φ R on the interval [0, 2π]. for a fixed value φ L = π/2 of the atomic phase provided the left SGA.One notes that for a value of φ R = 0, π, the detection signal becomes insensitive to the initial coherence parameter λ. This fact, obvious from the Eq.(4), can be interpreted as follows. In either case, one can show that the evolved quantum statesÛ |ψ 0 andÛ |ψ 1 are orthogonal, which means that an one could with a suitable measurement, know with certainty the original angular momentum state of the molecule (either |ψ 0 or |ψ 1 ). In this specific case, the apparatus would destroy an eventual initial spin-coherence in the density matrix. For φ R = 0 or φ R = π, the atomic waves carrying an angular momentum of |m x = ±1 suffer an identical phase shift in the right SGA. This shows the key role played by the SGAs in the system, which by mixing the angular momentum states, permits the observation of quantum interferences. When the phases φ L,R are in the vicinity of φ L,R ±π/2(2π), the SGAs overlap between the quantum statesÛ |ψ 0 andÛ |ψ 1 is maximum.
This justifies our choice φ L = π/2 for the left SGA phase, which maximizes the desired interference pattern. For this value, the detection profiles are indeed qualitatively very different for a pure initial statistical mixture [λ = 0] and for a pure initial quantum state [λ = 1], and is thus well suited to investigate the initial spin coherence. Precisely, for an initially incoherent density matrix, one obtains a superposition of two independent peaks of same height centered around φ R π/2, 3π/2. In contrast, for a fully coherent state, one observes a strong enhancement of the first peak (φ R π/2), whereas the second peak is strongly reduced and displaced to the right (φ R > 3π/2). This can be understood in terms of constructive interferences on the first peak combined with destructive interferences on the second peak. For a partially coherent initial density matrix (λ = 1/2), one observes a partial suppression of the second peak. Indeed, by estimating the asymmetry between the two peaks around the detection angle φ R = π, one can differentiate between an incoherent and coherent initial density matrix.
To conclude, we have proposed an atom interferometer able to address the spin coherence of a molecule dissociation process starting from a quantum state of null total angular momentum and with fast and metastable atoms. We have shown that a configuration based on two symmetrically disposed SGAs, combined with a set of polarizers and analysers, yields an asymmetric atomic interference pattern for a spin-coherent dissociation. The role played by the SGAs is to appropriately shuffle the angular momentum states of the two identical particles propagating in the system, enabling quantum interferences from initially orthogonal quantum states. This experimental setup enables one to clearly distinguish a spin-coherent from a spin-incoherent fragmentation, and may allow to estimate the density matrix purity by measuring the asymmetry of the detection signal when the magnetic field of one of the SGAs is varied. This setup could be used to assess the coherence of various molecular dissociation processes as well as their relevance for
